Experimental and theoretical investigations of copper (I/II) complexes with triazine-pyrazole derivatives as ligands and their in situ C-N bond cleavage
antiphytovirucide [1] [2] [3] [4] . Especially, some derivatives can be used as potential functional materials in the fields of magnetic, optical, catalyst, and liquid crystal materials [5] [6] [7] [8] [9] [10] . At the same time, pyrazole and its derivatives play a vital role in synthesis of compounds with 1, 3, 5-triazine and the kind of compound is of particular interest owing to its biological activity [11] [12] [13] . In the structures of these compounds, the nitrogen atoms possess larger electronegativities than the carbon atoms. This is the reason that the π-electron located in nitrogen atoms in N-heterocyclic ligands resulting in larger electron cloud density, which can enhance the coordination ability of heterocyclic ligands with metal [14] [15] [16] [17] [18] . During the past two decades, some complexes containing 1,3,5-triazine with pyrazole rings have been reported, for instance, Cu(bpz*eaT)(SCN) 2 , Co(bpz*eaT)(SCN) 2 (bpz*eaT: [19] [20] [21] . In some of these works, an interesting chemical phenomenon was found: the lability of the C triazine -N pyrazole bond lead to C triazine -N pyrazole being easily fractured in the process of in situ reaction system. [22] [23] We think that the cause for the C-N bond cleavage likely due to a hydrolysis process with metal ion as a catalyst. To our best knowledge, there are also many other reaction factors influencing C-N bond cleavage, such as pH, metal, temperature, reaction medium, etc. However, there are few investigations of the reaction mechanism of C triazine -N pyrazole bond fracturing so far. In order to further study the key roles of the bond fracturing, it is very necessary to synthesize the complexes related to the C-N bond fracturing. So, we have synthesized two copper complexes with 1, 3, 5-triazine-pyrazole derivative as ligands. One is Cu(SCN)(Mpz*T-(EtO) 2 )
(Mpz*T-(EtO) 2 =L3) (1), the other is CuCl(H 2 O)(Mpz*T-O 2 ) (2) (Mpz*T-O 2 =L4). Although the structure of complex 2 has been reported by J. Manzur [24] , its reaction condition is different from the reported one in the literature. Based on the reaction process of the two complexes, in this paper, we explored the mechanism of C-N bond fracturing about Mpz*T-(EtO) 2 (L3) and Mpz*T-O 2 (L4) in detail.
Experimental

Materials and General methods
All the chemicals used were of analytical grade and used without further purification. L1 
X-ray single crystal structural determinations
Suitable single crystals of complexes 1-2 were mounted on glass fibers for X-ray measurement, respectively. Reflection data were collected at room temperature on a Bruker AXS SMART APEX II CCD diffractermeter with graphite-monochromatized Mo-Ka radiation (λ= 0.71073 Å) and a ω scan mode. All the measured independent reflections (I>2σ(I)) were used in the structural analyses, and semi-empirical absorption corrections were applied using SADABS program [27] . The structures were solved by the direct method using SHELXL-97 [28] . All non-hydrogen atoms were refined anisotropically. The hydrogen atoms of the organic frameworks were fixed at calculated positions geometrically and refined by using a riding model.
Crystallographic data for complex 1 and the structure refinement are given in Table 1 . The selected bond lengths and bond angles are listed in Table 2 . Short contacts of complexes 1-2 are given in Table 3 . 
Table1
Table2 Selected bond lengths (Å) and angles(°) for the complexes 1-2
91.31(10) N(3)-Cu-Cl 173.71(7) Table 3 Short contacts (Å) and bond angles (°) of complexes 1-2 
Quantum chemical calculation
The compounds and the complexes formed by Cu and ligands were fully optimized using a generalized gradient approximation [29] treated with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation potential and with long rang dispersion correction made using the Grimme's scheme [30] . The molecular structural parameters of the complexes come from the crystal structure data, and the molecular point groups and their symmetry (Cs) are also considered. An all electron double numerical atomic orbital basis set augmented by d-polarization functions (DNP) was used. This level of theory has been used to successfully determine the geometrical, energetic and electronic structural properties of interactions of many small molecules and nano-subtracts [31] [32] [33] [34] . All the ccalculations have been performed using DMol3 module in Materials Studio [35] [36] . worthy to note that the organic ligands in the molecular structure of complexes were new species L3 and L4 instead of L1 and L2. We thought that as the ligands, L1 and L2 were stable in solution, but the introducing of the copper ion lead to C-N bond cleavage in a certain extent. The formation of the heterocyclic molecule L3 may be explained by the nucleophilic attack of two equivalents of ethanol during release of the leaving group 3,5-dimethylpyrazole, and the oxidation state of the copper ion in the complex 1 was "+1". We thought that the oxidation state may be deduced from the well know fact that the reaction of the mild reducing agent SCN -with Cu (II) exclusively afford Cu(I)SCN species. Similarly, the formation of L4 could be explained by the nucleophilic attack of two equivalents of water, followed by a tautomerization of the intermediate between L4 and L3 is the difference of the substituted groups on the triazine ring (ethoxy for L3, carbonyl for L4).
Results and discussion
Synthesis
Scheme 1
Structural description of complexes 1-2
Cu(SCN)(Mpz*T-(EtO) 2 ) (Mpz*T-(EtO) 2 =L3) (1). Single crystal X-ray diffraction analysis reveals that complex 1 crystallizes in the orthorhombic, space group Aba2. The molecular structure of the complex 1 shows that the asymmetric unit contains one Cu(I) atom, one specie L3 , and one thiocyanate anion (Fig. 1a) . The coordination environment around Cu(I) atom may be best described as a distorted tetrahedron geometry, and it is coordinated by three nitrogen atoms and one sulfur atom: N1 from 1, 3, 5-triazine, N5 from pyrazole ring, N6 and S1 from two NCS (Fig. 1b) (Fig. 1c) . Å, 161.2°, #5: -x, 2-y, 2-z) to afford a 2D supermolecular network structure (Fig. 2c) . 
Quantum chemistry calculations of L1 -L4 and complexes 1-2.
According to molecular orbital theory, the frontiers orbitals and nearby molecular orbitals are the most important factors for the stability. The larger difference between the frontier orbitals, the more stable the molecular structure. For compounds L1-L4 and complexes 1-2 (the quantum chemistry calculation of compounds L1-L4 and complexes 1-2 are shown in the supplementary materials Table 4 ). It is shown that the order of thermodynamic stability about the ligands is L2 ＞ L1
and that of complexes is 1＞2. For net charges, negative charge is mainly focused on the nitrogen atoms, the oxygen atoms and the coordinated anions. Positive charge is concentrated in Table S1 ). It shows that the uncoordinated nitrogen atom is more negative than the coordinated one. Similarly, for compounds L2, L4, and complex 2, the net charge of nitrogen atoms of pyrazole rings is -0.174, -0.097, -0.188 e and the net charge of nitrogen atoms of triazine rings is -0.354, -0.340, -0.522 e, respectively. However, it is found that the coordinated nitrogen atom is more negative than the uncoordinated one for the same nitrogen atom. We think the reason about this case is that the C-N bond fracturing and to generate new compounds with different substituted groups. 
IR Spectra
For complex 1 (Fig. 3) , a broad absorption band appearing at 3426 cm The peak at 1051 cm -1 is N−N stretching vibration of pyrazolyl rings. In addition, the detailed IR spectra data for the complexes 1-2 are shown in Table 5 . Fig. 4 The Solid-state IR spectra of complex 2 at a room temperature 
XRD analysis
The composition of the complexes 1-2 ( Fig. 5-6 ) was confirmed by X-ray powder diffraction (PXRD). It was used to confirm the phase purity of the bulk materials. The experiment results
prove that all the peaks presented in the measured patterns closely match the simulated patterns generated from single crystal diffraction data. 
Thermal properties
To examine the thermal stability of complexes 1-2, thermogravimetric analysis (TG) was carried out at a heating rate of 10 °C min -1 under nitrogen in the temperature range of 35-1000 °C (Fig. 7) . In complex 1, the result show that the initial mass loss of 61.43% before 340 °C is due to the release of the species L3 (calc. 61.13%). The second mass loss 13.58% occurs in the range of 340 -1000 °C, which is ascribed to the release of two coordinated nitrogen atoms and the coordinated NCS group (calc. 14.04%). The final residue corresponds to copper sulfide. In 2, the first mass loss of 50.82% is attributed to the species L4 (calc. Table 5 The IR data (cm -1 ) for complexes 1 and 2
